CD1d molecules in the thymus. The glycosphingolipid (GSL) isoglobotrihexosylceramide (iGb3) has been proposed as the natural iNKT cell-selecting ligand in the thymus and to be involved in peripheral activation of iNKT cells by dendritic cells (DCs). However, there is no direct biochemical evidence for the presence of iGb3 in mouse or human thymus or DCs. Using a highly sensitive HPLC assay, the only tissue where iGb3 could be detected in mouse was the dorsal root ganglion (DRG). iGb3 was not detected in other mouse or any human tissues analyzed, including thymus and DCs. Even in mutant mice that store isoglobo-series GSLs in the DRG, we were still unable to detect these GSLs in the thymus. iGb3 is therefore unlikely to be a physiologically relevant iNKT cell-selecting ligand in mouse and humans. A detailed study is now warranted to better understand the nature of iNKT cell-selecting ligand(s) in vivo.
Development of invariant natural killer T (iNKT) cells requires the presentation of lipid ligand(s) by CD1d molecules in the thymus. The glycosphingolipid (GSL) isoglobotrihexosylceramide (iGb3) has been
proposed as the natural iNKT cell-selecting ligand in the thymus and to be involved in peripheral activation of iNKT cells by dendritic cells (DCs). However, there is no direct biochemical evidence for the presence of iGb3 in mouse or human thymus or DCs. Using a highly sensitive HPLC assay, the only tissue where iGb3 could be detected in mouse was the dorsal root ganglion (DRG). iGb3 was not detected in other mouse or any human tissues analyzed, including thymus and DCs. Even in mutant mice that store isoglobo-series GSLs in the DRG, we were still unable to detect these GSLs in the thymus. iGb3 is therefore unlikely to be a physiologically relevant iNKT cell-selecting ligand in mouse and humans. A detailed study is now warranted to better understand the nature of iNKT cell-selecting ligand(s) in vivo.
glycosphingolipid ͉ thymus ͉ CD1d ͉ lipid presentation C D1 is a nonpolymorphic MHC class I-like molecule (1) . Five isoforms exist in humans (hCD1a-e), which can be subdivided into two groups; group I contains CD1a, -b, -c, and -e, and group II contains CD1d (1) . Two homologues of hCD1d exist in mouse (mCD1.1 and mCD1.2) (1). The group II CD1 molecules are believed to present self and exogenous lipid antigens (2-4), whereas group I molecules present exogenous ligands, such as mycobacterial lipids and perhaps endogenous lipids (1) . The conserved nature of the CD1 molecules and the T cells that respond to them suggests this system plays an important role in mammalian innate and adaptive immunity (1) . Lipids bound to CD1d are recognized by specialized T cells with a restricted T cell receptor repertoire (1) . In mouse, these T cells are either CD4 single-positive or CD4/8 double-negative, express some natural killer (NK) cell markers, and are referred to as invariant NK T (iNKT) cells (5) .
iNKT cells are selected in the thymus by the presentation of endogenous unknown lipid(s) bound to CD1d on cortical CD4/8 double-positive thymocytes (6) . Evidence suggests this lipid ligand is a glycosphingolipid (GSL), because of the inability of a glucosylceramide-deficient cell line to stimulate iNKT cell hybridomas (7) . Intracellular trafficking of CD1d to the lysosome is required for lipid loading in vitro and in vivo (8) , as are lysosomal proteases (9) and lipid transfer proteins or saposins (10, 11) .
Recently, Zhou et al. (12) suggested that the natural selecting ligand in the thymus is the neutral GSL, isoglobotrihexosylceramide (iGb3) † † (Fig. 1a) . This notion was based on the observation that the number of iNKT cells was greatly reduced in a Sandhoff (SH) disease (hexb Ϫ/Ϫ ) mouse model. It was therefore hypothesized that the lysosomal enzymes deficient in SH disease, ␤-hexosaminidase (␤-hex) A and B (Fig. 1b) , are responsible for the generation of the natural lipid-ligand in the thymus. This would implicate ␤-hex-catalyzed degradation products of the globo, isoglobo, ganglio, and lacto series of GSLs as potential iNKT cell natural ligands. The ganglio-series GSLs were eliminated as candidate ligands, because mice deficient in either of two key biosynthetic enzymes required to generate complex gangliosides, GM2 (13) or GM3 synthase (14) , displayed no apparent defect in iNKT cell development (12) . Upon testing a GSL from each of the lacto, globo, and isoglobo series [rabbit B-active GSL, globotrihexosylceramide (Gb3) and iGb3, respectively], only iGb3 had iNKT cell stimulatory activity. It was hypothesized that in SH disease, the storage of isoglobotetrahexosylceramide (iGb4, Fig. 1 a and b , not an iNKT cell stimulatory molecule) prevented the formation of iGb3 (the natural ligand), thus accounting for the iNKT cell deficiency of the hexb Ϫ/Ϫ mouse. It has also been suggested that iGb3 plays a role in activation of iNKT cells in the periphery (3) . In this instance, lipopolysaccharide-activated DCs were suggested to present iGb3 in response to exposure to Salmonella typhimurium (3).
However, there are currently no biochemical data on whether isoglobo-series GSLs are expressed in mouse or human thymus. Furthermore, the iGb3 synthase (iGb3S) gene in the human genome appears to be a pseudogene (15, 16) . It therefore remains to be established whether iGb3 is a physiologically relevant selecting ligand in vivo or a molecule serendipitously capable of stimulating iNKT cells in vitro.
The isoglobo series of GSLs are derived from a relatively minor GSL biosynthetic pathway catalyzed by iGb3S (Fig. 1a) . To date, there is only biochemical evidence for iGb3 in rat (17) , dog (18) and cat intestine (19) , rat lens (20) , and rat spleen (21) [supporting information (SI) Table 1 ]. The biosynthetic derivative of iGb3, iGb4 (Fig. 1a) , has been identified in multiple tissues in the rat, including intestine (17), stomach (22) , kidney (23) , spleen, glomerular mesangial cells, lymphosarcoma, granuloma (24) , and a rat-derived metastatic cell line (25) . It has been reported that mouse and human kidney lack iGb4 (23) (SI Table 1 ).
iGb3S was first identified in the rat (26), and a functional homolog is present in the mouse (12, 15) . iGb3S is solely responsible for initiating the synthesis of isoglobo-series GSLs by the addition of galactose in an ␣1-3 linkage (Gal␣1-3) to lactosylceramide (LacCer) and to iGb3 itself to form polygalactose structures (15) . Additional enzymes capable of synthesizing Gal␣1-3 are ␣1-3 galactosyltransferase (Ggta1) and the blood group B gene product (Fig. 1c) . Ggta1 acts on N-acetyllactosamine (Gal␤1-4GlcNAc-R), terminating glycoproteins or GSLs (15) (Fig. 1c) . Two Ggta1 genes have been identified on chromosomes 9 and 12 in humans and shown to be inactive pseudogenes (27, 28) , suggesting this enzyme activity is lacking in humans. This is consistent with the presence of a high natural antibody titer specific for Gal␣1-3 in humans and Old World primates (29, 30) . The blood group B gene product acts exclusively on Fucose ␣1-2Gal␤1-R terminating glycoproteins or GSLs (Fig. 1c) but does not produce an epitope recognized by the anti-Gal␣1-3 antibodies (19, 30) .
We report here that, using a highly sensitive HPLC assay, we cannot detect iGb3 or iGb4 in mouse thymus or DCs. In a survey of mouse organs, iGb3 or iGb4 could be detected solely in the dorsal root ganglion (DRG) in wild-type mice. As would be predicted, these GSLs were stored in the DRG of ␣-galactosidase A-deficient (␣-Gal A Ϫ/Ϫ , iGb3, Fig. 1b ) and hexb Ϫ/Ϫ (iGb4) mice, respectively. However, when human thymus and DCs were analyzed, iGb3 and iGb4 were not detected. These data suggest that iGb3 is unlikely to be a natural iNKT cell-selecting ligand in the thymus of mouse or humans. Likewise, iGb3 is unlikely to be a peripheral iNKT cell-activating ligand in mouse or human DCs, despite its modest ability in vitro to stimulate iNKT cells (31) .
Results

Generation of Standards and Validation of iGb3 and iGb4 Detection.
The identification of tissue-and cell-derived GSL oligosaccharides was ascertained by comparison of the retention times of detected peaks with those of authentic standards. A commercially available iGb3 trisaccharide and intact iGb3 GSL were both analyzed. The intact lipid was fully sensitive to ceramide glycanase digestion, consistent with previous studies for other GSL standards (32) (data not shown). The iGb3 trisaccharide and intact GSL-derived oligosaccharide gave the same retention times (data not shown). Using normal-phase HPLC (NP-HPLC), it was possible to separate iGb3 and Gb3 into discrete peaks (Fig. 2 ). For iGb4, no commercial standard was available. However, the major species in a neutral lipid preparation from rat stomach has been reported to be iGb4 (22) . Therefore, neutral GSL-derived oligosaccharides from rat stomach were prepared and anthranilic acid (2AA) labeled. NP-HPLC revealed one major peak (Fig. 2) , which was confirmed to be iGb4 by enzyme digests (data not shown). In contrast, the neutral GSL preparation from C57BL/6J mouse stomach did not reveal a peak for iGb4 (SI Table 1 ), and only Gb4 could be identified in this tissue.
Mouse DRG. In normal mouse tissues and organs [brain, liver, kidney, spleen, thymus, testis, lung, stomach, intestine, eye (lens and retina), spinal cord, and plasma], isoglobo-series GSLs were undetectable (data not shown; summarized in SI Table 1 ). iGb3 was detected only in mouse DRG (Ϸ40 fmol/g protein) (Fig. 2) . Furthermore, in the mouse model of Fabry disease (␣-Gal A Ϫ/Ϫ ), there was storage of iGb3 250-fold relative to wild type (10 pmol/g protein; Fig. 2 ), as would be predicted as iGb3 is a substrate for ␣-galactosidase A (Fig. 1b) . This was the only tissue in the ␣-Gal A Ϫ/Ϫ mouse where iGb3 was detectable (eye, stomach, intestine, and spleen were also analyzed, and all were negative).
As predicted (Fig. 1b) , in the DRG from hexb Ϫ/Ϫ mice, there was storage of iGb4 ( Fig. 2) . iGb4 was undetectable in eye, spleen, stomach, and intestine of the hexb Ϫ/Ϫ mouse (data not shown). However, in contrast to iGb3 and Gb3, which run as discrete peaks, iGb4 and Gb4 run as one broad peak. Their identities, therefore, were confirmed after ␤-hex digestion that resulted in the generation of iGb3/Gb3 that were readily separated (data not shown).
Mouse Thymus. The thymus expresses multiple GSL species, including those of the globo series (Gb3 and Gb4). For example, Gb3 is present at similar levels in control and hexb Ϫ/Ϫ mice, which indicates the synthesis of this species in mouse thymus. Additionally, we established that the GSL profile of thymus was not developmentally regulated, because there was no detectable difference in the GSL profile from 10-day-and 4-, 9-, and 40-week-old control mouse thymi (data not shown). However, iGb3 or iGb4 were undetectable in control mouse thymus (Fig. 3) . However, storage of iGb3 in ␣-Gal A Ϫ/Ϫ and iGb4 in hexb Ϫ/Ϫ thymus would be expected if isoglobo-series GSLs were present in this tissue, as shown for the DRG (Fig. 2) . Because iGb3 and iGb4 could not be detected in the thymus of either of these mutant mice (Fig. 3) , isoglobo series appear not to be expressed in mouse thymus.
Detection Limit. Using an iGb3 GSL-derived oligosaccharide standard, it was possible to detect a peak of 10 fmol (Fig. 4a) in the HPLC assay. The sensitivity of the assay is limited not by quantity of material but by the ratio of Gb3 to iGb3, because there is a limit to the degree to which these two molecules, which differ only in their linkages (Gal␣1-3 vs. Gal␣1-4) can be separated by HPLC. Using mixtures of Gb3 and iGb3 oligosaccharides, it was possible to detect iGb3 at 1% the level of Gb3 (Fig. 4b) . In mouse thymocytes, Gb3 is present at Ϸ20,000 copies per cell, therefore 200 copies of iGb3 per cell would be detectable.
Human Thymus and Other Tissues. Four independent pediatric thymus samples were analyzed. The neutral GSL-derived oligosaccharide profile revealed that the major neutral species present were Gb3 and Gb4, with no evidence for the presence of iGb3 or iGb4 (Fig. 3) . Additionally, human DRG, spinal cord, cerebrospinal fluid, and blood were processed and analyzed. All were found to express Gb3 and Gb4, but iGb3 and iGb4 were undetectable (data not shown; summarized in SI Table 1 ).
Distribution of Isoglobo-Series GSLs in Rat Tissues. iGb4 (and to a lesser extent iGb3) were readily detected in rat thymus (Fig. 3) . In rat thymus, iGb3 was present at Ϸ5,000 copies/cell and Gb3 at 6,000 copies per cell.
Mouse and Human DCs. iGb3 and iGb4 were undetectable in the control mouse bone marrow-derived DC neutral GSL fraction (Fig.  5) . This was further supported by the absence of iGb4 storage in hexb Ϫ/Ϫ DC and the absence of iGb3 storage in ␣-Gal A Ϫ/Ϫ DC (Fig. 5) . Similarly, we failed to detect iGb3 or iGb4 in human DCs (Fig. 5) . Additionally, neither human nor mouse DCs, after stimulation with Toll-like receptor agonists, had detectable iGb3 (data not shown).
Quantitative PCR (Q-PCR) Analysis of Biosynthetic and Catabolic Gene
Expression. The expression level of transcripts for the catabolic enzyme, ␤-hex, was higher than that of the biosynthetic enzymes, irrespective of the tissue analyzed (Fig. 6) . Expression level of ceramide glucosyltransferase varied among different organs, with higher mRNA expression in the spleen and thymus and lower expression in the liver. LacCer synthase mRNA expression appeared to be uniform among the tissues (with the exception of the thymus where its expression was lower). The expression level of iGb3S varied among the different organs tested, spinal cord having the lowest expression and DRG and liver the highest. DRG does have slightly higher expression levels of iGb3S than thymus, but the level was comparable to liver, where iGb3 was undetectable by NP-HPLC (data not shown). mRNA expression of Gb3S was also highest in the DRG and liver and lowest in thymus.
iGb3 and ␣-Galactosylceramide (␣GalCer) Titration. Using commercially available iGb3 GSL we pulsed C1R-CD1d cells with iGb3 and ␣GalCer to determine their relative potencies. Although ␣GalCer could sensitize secretion of IFN-␥ from human iNKT cells at doses Ͻ0.25 ng/ml (Fig. 7 Upper), 1,000-fold higher doses of iGb3 (g/ml range) were required to sensitize human iNKT cells to secrete detectable IFN-␥, and still the response was 100-fold lower (the difference therefore being five orders of magnitude; Fig. 7 Lower). These results are in agreement with a previous report (31) . The g/ml levels of iGb3 required to get detectable biological activity would be readily detectable by NP-HPLC under the experimental conditions used for the analysis of mouse or human thymus and DCs.
Discussion
We have used a highly sensitive NP-HPLC assay to study the distribution of iGb3 in tissues from mouse, rat and human. iGb3 was found only in the DRG of control (C57BL/6J) mice and was stored in ␣-Gal A Ϫ/Ϫ mouse DRG. Similarly, iGb4 was detectable only in DRG of control mice and was stored in hexb Ϫ/Ϫ mice DRG (Fig.  2) . We reasoned that if the isoglobo-series biosynthetic pathway were active in the mouse thymus or DCs, albeit at low levels, we should detect iGb3 in ␣-Gal A Ϫ/Ϫ and iGb4 in hexb Ϫ/Ϫ thymus or DCs because of the high levels of storage of GSLs with terminal Gal or GalNAc that occur in these engineered mice. However, when we analyzed neutral GSLs from the thymus and DCs of ␣-Gal A Ϫ/Ϫ and hexb Ϫ/Ϫ mice, we still failed to detect iGb3 and iGb4 (Figs. 3 and 5). When four human thymi and two human monocyte-derived DC samples were analyzed, they also lacked detectable isoglobo-series GSLs (Figs. 3 and 5) . Using iGb3 and Gb3 of known concentration, it was possible by NP-HPLC to detect 10 fmol of iGb3 standard and to detect iGb3 when present at 1% the level of Gb3 (Fig. 4) . Taken together, these data suggest that isoglobo-series GSLs are not expressed in mouse or human thymus or DCs.
Q-PCR analysis of biosynthetic and degradative enzyme expression indicates that measurement of mRNA expression does not relate to the amount of detected GSL. DRG (where isoglobo-series GSLs are detectable; Fig. 2 ) had higher iGb3S expression compared with thymus, but at a level comparable to liver where iGb3 was undetectable. This is not surprising, because the complement of GSLs found in a given tissue is the net result of differential flux through a number of competing pathways, all of which utilize LacCer as precursor substrate (Fig. 1a) . It is therefore the relative flux through each competing pathway, catalyzed by specific glycosyltransferases, that determines the GSL repertoire detected in that tissue. Measuring transcript levels and enzyme activity does not, therefore, accurately predict the GSL complement found in any particular cell line or tissue. This is further compounded by the fact that different GSL species will also differ in their half-lives because of differences in their rates of turnover. There is, therefore, no substitute for measuring GSLs quantitatively in tissues to definitively determine the repertoire of GSLs present.
When the tissue and species pattern of expression of isogloboseries GSLs was examined (see SI Table 1 ), it was clear that the rat utilizes this biosynthetic pathway in several tissues (17, (20) (21) (22) (23) (24) (25) . In mouse, iGb3 and iGb4 were detected only in DRG, among the tissues screened, including the CNS. This is in agreement with a previous report, where kidney from rat, but not from mouse, human, or pig, had the Gal␣1-3 linkage in ceramide tetrasaccharides (23) . The reason for this differential pattern of GSL expression in rat and mouse is unknown. These data suggest that the balance of the competing transferases is both species-and tissuespecific.
The original suggestion that iGb3 was the iNKT cell-selecting ligand in the thymus arose because of the observed iNKT cell deficiency of hexb Ϫ/Ϫ mice (12) . However, the ␣-Gal A Ϫ/Ϫ mouse has also been reported to have reduced numbers of iNKT cells (33, 34) . If iGb3 were the natural ligand, these results would be hard to explain, because the amount of iGb3 would likely be increased (as a storage product) and would not, therefore, lead to a reduction in the number of iNKT cells. Reduced iNKT cell frequencies have also been reported in the NPC1 mouse (a model of Niemann-Pick disease type C 1, a lysosomal storage disorder) (34, 35) and the GM1 gangliosidosis mouse (␤-galactosidase-deficient) (34) . The iNKT cell deficiency in these mouse models cannot be explained by impaired generation of iGb3. For example, ␤-galactosidase deficiency in GM1 gangliosidosis plays no part in isoglobo-series GSL catabolism. As is clear from this study, iGb3 does not appear to be expressed in mouse thymus (Fig. 3) and therefore loss of iNKT cells in hexb Ϫ/Ϫ mice cannot be attributed to the involvement of iGb3.
In studies proposing a role for iGb3, there was no direct biochemical evidence for the presence of iGb3 (12) . Instead, a lectin was used to block recognition of self ligand/CD1d complex by iNKT cells [IB4 from Griffonia (Bandeiraea) simplicifolia) (3, 12) ]. However, multiple studies have demonstrated that this lectin is not specific for Gal␣1-3 but instead recognizes Gal␣1, -2, -3, -4, and -6 linkages (36-38).
There are currently only three known enzyme-catalyzed pathways by which galactose can be added in an ␣1-3 linkage (Fig. 1c) : first, by iGb3S, exclusively to LacCer to form iGb3 and also to iGb3 to form poly Gal␣1-3 structures; second, Ggta1 adds exclusively to Gal␤1-4GlcNAc structures present on glycoproteins or GSLs (e.g., paragloboside). Finally, the product of the human blood group B gene transfers galactose exclusively to Fucose ␣1-2Gal␤1-R (where R is a GSL or a glycoprotein). Gal␣1-3 is an antigenic epitope in humans and Old World monkeys (29, 30) . The Gal␣1-3 epitopes generated by Ggta1 are recognized by anti-Gal␣1-3 antibodies (19, 30, 39) , which is not the case for the blood group B epitope because of the presence of the branched Fucose structure (19, 30) . However, it is not clear whether iGb3 is recognized by the natural antiGal␣1-3 antibody repertoire present in humans. To date, this has been studied only by using a limited number of monoclonal antibodies (12, 16, 19, 39) .
The presence of the anti-Gal␣1-3 antibodies correlates with the silencing of Ggta1 genes in Old World primates and humans (40) . However, it is not clear whether iGb3S is silenced in Old World primates and humans. Monoclonal antibodies failed to bind to human tissue samples, and mRNA was not detected by Northern blot or RT-PCR from a range of human tissues (16, 41) . Humans, therefore, are apparently unable to transcribe a functional iGb3S gene, which would be consistent with our inability to detect iGb3 in any of the human tissue samples analyzed in this study.
The present findings do not question the ability of iGb3 to serve as an iNKT cell ligand in vitro. However, there are inconsistent findings on the relative potency of iGb3 compared with ␣GalCer. They were reported to be equivalent (12) , whereas in this study (Fig.  7) and that of Xia et al. (31) , iGb3 was at least 5 orders of magnitude less potent than ␣GalCer. The reasons for these discrepancies are currently unclear and could relate to technical differences in the assays used. Despite the in vitro activity of iGb3 to stimulate iNKT cells, the findings in this study suggest it may not be a physiologically relevant iNKT cell-selecting ligand in vivo in the mouse and human thymus.
In view of the conservation of the CD1d/iNKT system, it can be speculated that, if there is a conserved endogenous GSL ligand(s) in the thymus of mammals, the analysis carried out in this study (Fig.  3) may be a first step toward its/their identification. There are numerous known and unknown GSLs species observed and potentially conserved between mouse, rat and human thymus (Fig. 3 and data not shown), and mouse and human DCs (Fig. 5 and data not  shown) .
In conclusion, this study does not support a role for iGb3 as the selecting ligand for iNKT cells in the thymus of mouse or human and suggests that other GSLs, or indeed other lipid species, need to be investigated. The analytical approach used in this study may help identify conserved GSL species that are candidates for playing a role in iNKT cell selection in the thymus.
Materials and Methods
Reagents. Chemicals were purchased from Sigma-Aldrich (Poole, U.K.) and/or VWR (Lutterworth, U.K.), unless otherwise stated. All solvents were of analytical grade or higher (VWR, unless otherwise stated). HPLC standards were from Dextra Laboratories (Reading, U.K., iGb3 trisaccharide) or Alexis (Axxora U.K., Nottingham, U.K.; iGb3 lipid), prepared in-house (iGb4 (22) , or kindly provided by Eric Samain (Centre de Recherches sur les Macromolécules Végétales-Centre Nationale de la Recherche Scientifique, Grenoble, France; Gb3). Tissue culture media were from GIBCO (Paisley, U.K.), unless otherwise stated. Water was Milli Q grade. Labeling. Mouse DCs were prepared according to published methods (3). Blood was purchased from the United Kingdom National Blood Service, and human DCs were generated as described (44) . An intact lobe of human thymus (containing cortex and medulla) was obtained after corrective congenital heart defect surgery. Human DRG and spinal cord were obtained from R. Liguori (University of Bologna, Bologna, Italy). GSL extraction, ceramide glycanase digestion, and 2AA labeling were performed as described (32) .
Ion Exchange Chromatography. QAE-Sephadex (Amersham Biosciences, Chalfont St. Giles, U.K.) in acetate form was placed in a 1.5-ml solid-phase extraction column (Alltech Associates, Carnforth, U.K.). The 2AA-labeled sample was applied and washed with 3 ϫ 1 ml of water and neutral sugars eluted with 2 ϫ 1 ml of 0.2 M acetic acid. Charged sugars were eluted with 2 ϫ 1 ml 0.5 M ammonium acetate. Free 2AA label was removed by the addition of 3 volumes of ethyl acetate to 2 volumes of sample with mixing, spun (6, 000 ϫ g, 30 s) , the upper phase was discarded, and the lower phase was extracted twice with ethyl acetate. Lower phases were dried (SpeedVac) and resuspended in water.
NP-HPLC. NP-HPLC was performed as published (32) . The sample was injected in water:acetonitrile 3:7 (vol/vol). Known (microgram) amounts of synthesized GSL oligosaccharides (as above) were 2AA-labeled and purified, and equimolar (1 pmol) amounts were analyzed by using NP-HPLC. Peaks were identified by using integration software (Waters Empower, Milford, MA). Peak areas were measured, and no significant differences in molar response factors were observed. Therefore, the peak area per picomole of GSL-derived oligosaccharide present can be determined and used to quantify the concentration of GSL in tissue and cell samples. Injections of different cell number equivalents of mouse and rat thymocytes allowed the calculation of picomolar GSL per thymocyte. Using Avogadro's number (6.03 ϫ 10 23 ), this was then converted to molecules per cell.
Enzyme Digests. Coffee-bean ␣-galactosidase (Boerhinger, Mannheim, Germany), ␣1-3,6 galactosidase (Sigma, St. Louis, MO), and Jack Bean ␤-hex [purified in-house (45)] were used. GSL-derived 2AA-labeled oligosaccharides were dried in a SpeedVac and incubated overnight at 37°C with enzymes according to the manufacturer's instructions. Samples were made up to 30 l with water, and 30 l of acetonitrile was added, spun (4,000 ϫ g, 45 min) through 10,000 M r spin filters (Millipore, Watford, U.K.), and prewashed with 150 l of water (4,000 ϫ g, 45 min) to remove protein before NP-HPLC.
Analysis of Gene Expression by Q-PCR Analysis.
Total RNA was extracted by using guanidium isothiocyanate and isolated by ultracentrifugation over a cesium chloride cushion. cDNA was synthesized from 1 g of total RNA with random hexamer primers and SuperScript reverse transcriptase (Promega, Madison, WI) by using standard procedures. cDNA (50 ng) were used as templates for PCR amplification by using the SYBR Green Master Mix and the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). Primers (SI Table 2 ) specific for ceramide glucosyltransferase, LacCer synthase, Gb3S synthase, iGb3S, and ␤-hex were designed by the Primer Express Program (Applied Biosystems) and used for amplification in triplicate assays. For graphical representation of Q-PCR data, ⌬-Ct values were obtained by deducting the raw cycle threshold (Ct values) obtained for GAPDH mRNA, the internal standard, from the Ct values obtained for investigated genes.
iGb3 and ␣GalCer Titration. C1R-CD1d cells (5 ϫ 10 4 ) were incubated with 3 ϫ 10 4 NKT cells in a 96-well plate, in the presence or absence of different concentrations of ␣GalCer (Kirin Ltd., Gunma, Japan) or iGb3 (Axxora). The responder iNKT cell line was derived from healthy donors (46) . The cell line is 98% CD1d ␣GalCer tetramer ϩ V␣24 ϩ V␤11 ϩ (65% CD4 ϩ and 35% CD4/8 Ϫ ). ␣GalCer (200 g/ml in 150 mM NaCl and 0.5% Tween) was sonicated and diluted in complete medium. iGb3 was resuspended at 1 mg/ml in methanol, sonicated, and diluted in completed medium. Unpulsed control cells contained amounts of vehicle or methanol similar to those for the cells pulsed with the highest concentration of lipid. Supernatants (36 h) were analyzed by ELISA (IFN-␥; PharMingen, San Diego, CA).
